previously reported from microbial mats in the region, indicating that this group was also 32 substantially derived from local sources. Viable cyanobacteria isolated from the snow indicated 33 free exchange between the snow and adjacent mat communities. Other sequences were most 34 similar to those reported from outside the Canadian Arctic but were from snow, lake and sea ice, 35 glaciers and permafrost, alpine regions, Antarctica and other regions of the Arctic, supporting the 36 concept of global distribution of microbial ecotypes throughout the cold biosphere. 37
INTRODUCTION 38
As a result of their microscopic size, resistance to environmental extremes and large populations, 39 free-living microbes have high dispersal rates that favour cosmopolitanism (19). According to a 40 longstanding conjecture (6), the same microbial species will occupy similar environments 41 throughout the biosphere because there are no effective barriers to their planetary dispersal. (1). Briefly, the microbial cells in lysis buffer were digested with lyzozyme (1 mg/mL, final 160 concentration), proteinase K (0.2 mg/mL) and sodium dodecyl sulphate (0.01%). DNA was 161 separated from the other organic phases by centrifugation in a supersaturated NaCl solution (3 162 M). The DNA was then precipitated with 70% ethanol and dissolved in 1X TE buffer (Tris-HCl 1 163 mM, EDTA 0.1 mM). The DNA concentration in the extracts was quantified with a fluorescence 164 technique using picogreen and the Turner BioSystems TBS-380 fluorometer following the 165 manufacturer's recommendations. Sites were selected to build clone libraries according to the 166 DNA concentration and the localisation. 16S rRNA gene was amplified by PCR using the 167 universal primer 1492R (5'-GGTTACCTTGTTACGACTT-3') and the Bacteria-specific primer 168 8F (5'-AGAGTTTGATCCTGGCTCAG-3') (20). Since cyanobacteria are poorly recovered 169 using these primers they were specifically targeted using the forward primer 27F1 (5'-170 AGAGTTTGATCCTGGCTCAG-3') and the cyanobacteria-specific primer 809R (5'-171 GCTTCGGCACGGCTCGGGTCGATA-3') (28). The 18S rRNA gene was amplified with the 172 eukaryote-specific primers NSF 4/18 (5'-CTGGTTGATYCTGCCAGT-3') and EukB (5'-173 TGATCCTTCTGCAGGTTCACCTAC-3') (37). For bacteria, the initial denaturation step at 174 94°C for 3 mins was followed by 35 cycles of DNA denaturation at 94°C for 30 s, primer 175 annealing at 55°C for 30 s, strand elongation at 72°C for 1 min and a final extension at 72°C for 5 176 mins. For the Disraeli Fjord C clone library, additional PCR products that had been amplified 177 following an annealing temperature of 60°C were pooled. For Disraeli Fjord B, two clone 178 libraries were made, one with an annealing temperature of 55°C and another with an annealing 179 temperature of 60°C. For cyanobacteria, the initial denaturation step at 94°C for 4 mins was 180 followed by 35 cycles of DNA denaturation at 94°C for 20 s, primer annealing at 55°C for 30 s,9 strand elongation at 72°C for 1 min and a final extension at 72°C for 7 mins. For eukaryotes, the 182 initial denaturation step at 94°C for 3 mins was followed by 30 cycles of DNA denaturation at 183 94°C for 45 s, primer annealing at 55°C for 1 min, strand elongation at 72°C for 3 min and a final 184 extension at 72°C for 10 mins. PCR products amplified from several DNA concentrations 185 (ranging from 13-750 pg/µL in the PCR mix for the snow samples and 1-4 pg/µL for the air 186 sample) were pooled, cleaned with the QIAGEN purification kit and cloned using the (Fig. 2) . At all sites, the snow was sampled to the depth of 253 hard ice or firn, which ranged from 10 cm on Char Lake to 85 cm on Disraeli Glacier. Wavelike 254 ridges of hard snow (termed 'kimugiyuk' or 'sastrugi', and normally formed perpendicular to the 255 direction of the wind) were observed at all sites except Disraeli Fjord. On Ward Hunt Lake and 256
Quttinirpaaq Lagoon, the snow cover was dense and uniform, and had a polystyrene-like texture, 257 with large crystals of snow on the surface. On Lake A, the snowpack had a dense layer at the 258 surface (5-10 cm thick), a loose intermediate layer with powdery to granular snow and another 259 dense layer at the bottom. At Disraeli Fjord A and B, the snow was wet, heavy and contained 260 cylindrical ice crystals at the surface and granular crystals at the base of the snow pits. At Disraeli 261
Fjord C and Disraeli Glacier, the snowpack was multi-layered. The snow on Char Lake showed 262 the onset of melt: it was wet and cohesive, and liquid water was discernable at the ice-snow 263 interface. In July 2009, conductivity of the melted snow ranged from 11.1-60.5 µS/cm for Char 264 Lake snow, 1.5-16.2 µS/cm for Lake A snow and 3.4-9.9 µS/cm for Ward Hunt Lake snow. extracts from the field blanks and these results therefore appear to be free of contamination. The 303 bacterial phylotypes were distributed into 18 OTUs at the >97% similarity level (Suppl. was found in the Lake A, Char Lake A and B snow samples. Even though these sampling sites 316 were a thousand kilometers apart, their microbial snow communities were highly similar as 317
shown by the Bray-Curtis cluster analysis (Fig. 6) . Aquaspirillum arcticum was the dominant 318 taxon, representing 96% of the bacterial clone sequences in the Lake A snow sample, 89% in the 319
Char Lake A and the only bacterial OTU in Char Lake B. Another Aquaspirillum was found in 320 the Disraeli Fjord B snow sample but had no close match to cultivated strains in GenBank. 321
322
Higher diversity indices for bacteria were recorded in the Disraeli Fjord B and C samples (Table  323 1). These snow communities were dominated by sequences closest to marine groups that require 324 15 sea salts for growth. The Disraeli Fjord B bacterial community was dominated by Glaciecola 325 pallidula (24%) and Polaribacter irgensii (26%), while the Disraeli Fjord C clone library was 326 dominated by Glaciecola psychrophila (35%) and by Colwellia piezophila (28%). 327
328
The bacterial rarefaction curves (Suppl. Fig. 1 Chroococcales. The most common taxa in the cultures were filamentous oscillatorians. We also 342 constructed a clone library from one of the Ward Hunt Lake snow samples using the same 343 primers that have been used to determine the cyanobacterial community composition in the 344 benthic microbial mats of Ward Hunt Lake and in meltpools on the adjacent ice shelves (29). We 345 detected a total of 17 cyanobacterial OTUs (Suppl . Table 3) , and eight of these had >97% 346 identity with those from microbial mats in Ward Hunt Lake, Markham and Ward Hunt ice 347 shelves, the inflow of Lake A, and Antoniades Pond, a small water body in the catchment of Lake 348 The Shannon diversity index indicated the same high variability as for the bacterial communities, 366 ranging from extremely low diversity in the Lake A and Char Lake snow samples to higher 367 values in the fjord vicinity (Table 1) . The low diversity communities of Lake A and Char Lake 368 snow were dominated by the same eukaryotic OTU, which was 99.8% similar to Ochromonas sp. 369 CCMP1899 isolated from sea ice in Antarctica; this taxon accounted for 96% and 64% of the 370 clones respectively. This dominance is consistent with the abundance of the Ochromonas cell 371 type observed by fluorescence microscopy one year later (see Microbial DNA and cells). library. These clustered into 14 OTUs (Suppl. Table 1 ). The taxa belonged to the major phyla 389
Bacteriodetes, Acidobacteria, Firmicutes and Proteobacteria with representatives from Alpha-, 390
Beta-and Gammaproteobacteria Classes. Eleven of the OTUs were previously reported from 391 cold environments, including two OTUs previously only isolated from the sea. These included 392
Roseobacter and an uncultured Cytophagales. Two other OTUs belonged to the genera 393
Lactobacillus and Staphylococcus, and the final OTU had no match >97% similar in GenBank 394 but showed 95.4% similarity to an Acidobacteria isolate. Four OTUs detected in snow the 395 preceding year were also found in this air sample. They were related to Aquaspirillum arcticum, 396 Janthinobacterium, Rhodoferax and Pseudomonas syringae. One Polaromonas sequence was 397 also found in a chimera revealing its presence in the air but its sequence was excluded from the 398 analysis. As in the snow bacterial clone libraries, chloroplast 16S rRNA gene sequences were 399 detected with eight sequences that clustered into the algal class Prasinophyceae and an unknown 400 phylum (Suppl. Table 2 Again, some of those taxa were highly similar to our High Arctic sequences: four snow OTUs 477 were 97.2% to 100% similar to the mat sequences. In particular, the genera Polaromonas, 478
Rhodoferax and Aquaspirillum were similar in both snow and ice shelf mats. One sequence of 479
Brevundimonas detected in the air was 98.9% similar to a mat isolate. These results suggest that 480
Arctic mat microbes are dispersed in the atmosphere and across the snow cover. This dispersion 481 aids new mat development, when the bacteria or cyanobacteria colonize snow or ice regions with 482 favourable conditions. As the mats grow this would result in locally reduced albedo and more 483 rapid meltwater generation, in turn favouring mat growth and the attrition of snow and ice. Although it is possible that the communities resulted from long range dispersal of cosmopolitan 508 taxa followed by environmental selection for growth of cold-adapted genotypes in the snow, the 509 most parsimonious explanation is that the biota in the snow was predominantly from the local 510 sources that they resembled. The transient nature of the snowpack in which the microbial load is 511 renewed each year leads to only restricted opportunities for growth. The air samples provided 512 more direct evidence of local sources. Growth in the air sampler is unlikely and conditions are 513 very different than in either the sea or terrestrial mats and lakes. Air constantly was pumped 514 through the tube over the whole sampling period likely leading to cell desiccation. Microbes 515 detected in this sample were predominantly cold taxa, many similar to those found in the snow 516 and sediment granules and could support marine taxa to some extent, the overall detection of 540 24 marine microbes in the Arctic atmosphere strongly suggests a local input from the Arctic Ocean, 541 especially as these taxa were also detected in the air samples and the predominant winds came 542 across the sea from the north (Fig. 3) . These results imply that sea ice is a major source for the 543
High Arctic snowpack microflora and that sea ice microbiota are widely dispersed by the wind, 544 not just by ocean currents. 545
546
One likely mechanism that could spread microbes from sea ice to the atmosphere is exposure of 547 the ice community to the air by frost flowers. These surface structures are created under extreme 548 cold and dry conditions by salt exclusion of the ice matrix during freezing (46). They have been 549 found to contain 3-6 fold higher concentrations of bacteria than in the underlying ice, and thought 550 to be important for the long-range transport of ice-nucleating particles in the atmosphere (10). In 551 altitude lakes in the Tyrolean Alps, and found that algal and protozoan biomass and microbial 590 activity were greater in the snow cover compared to the underlying lakes. Tyrolean Alps genera 591 (Gymnodinium, Ochromonas and Chlamydomonas) were also detected in our High Arctic snow 592 suggesting that these are likely true snow algae. We successfully cultivated cyanobacteria from 593 snow samples, providing evidence that these organisms remain viable in snow. If phototrophs are 594 able to grow in the snow it is likely that some of the heterotrophic bacteria may also be viable and 595 active. Several of the bacteria identified from the snow reportedly have low nutrient 596 requirements and may grow on diverse substrates (e.g. 26, 43, 48, 68). Notably, 11 of the genera 597 we recovered contain psychrophilic representatives, with potential to grow in situ. Several 598 heterotrophic bacteria isolated from Ellesmere Island ice shelf mats grow under low nutrient and 599 cold temperature conditions (8), and many of the same OTUs from these mats were found in our 600 snow samples. Environmental surveys based on RNA would provide additional insights into 601 which taxa are metabolically active in the Arctic snowpack. Contrary to our initial expectation, 602 no spore-forming bacteria were detected in the High Arctic snow samples. This absence might be 603 the result of methodological bias, for example, the difficulty of extracting DNA from bacterial 604 spores, and this negative result is inconclusive. 605
606
In summary, our snow and air samples from northern Canada contained a distinct assemblage of 607 heterotrophic and phototrophic microbes, and such communities are likely distributed throughout 608 the High Arctic. A proportion of the microbial community was likely derived from two disparate 609 sources near our sampling sites, specifically freshwater microbial mats and Arctic Ocean sea ice. 610
The heterogeneous distribution of microbes in the snow suggested that microbes were 611 redistributed into patches via wind action and localised melting. 
